Abstract. Determination of reliable crystallization ages by K-Ar methods for young (<1 Ma), fresh basalts from the seafloor has been frustrated by several effects. The small amounts of radiogenic 4øAr developed over these timescales in such 10w-K rocks are difficult to resolve from predominantly atmospheric 4øAr. An additional concern is that mantle-derived 4øAr may not be totally outgassed when magmas quench at seafloor hydrostatic pressures. We have developed a successful strategy for partially separating atmospheric from radiogenic 4øAr in 4øAr-39Ar incremental heating experiments on midocean ridge basalts, from the East Pacific Rise near the Clipperton Fracture Zone. Pre-heating samples to 400øC removes surficial atmospheric 4øAr, while subsequent heating at 600ø-1000øC produces favorable proportions of radiogenic 4øAr. Experiments using "zero-age" glassy and holocrystalline samples show that mantle-derived 4øAr is retained only in the outermost few cm of rapidly cooled pillow basalts.
Introduction
Detailed, quantitative understanding of magmatic and tectonic processes of crustal accretion at mid-ocean spreading ridges requires accurate and precise radiometric age determinations for young (<1 Ma) mid-ocean ridge basalts (MORB). Until very recently, however, no direct dating methods have promised much success. With increased capability to map the bathymetry, image deeper structures of spreading ridges, and collect well-located samples by precise dredging, submersible, and bare-rock drilling, reliable and generally applicable dating methods have become a top priority.
The most promising radiometric methods for direct dating of MORB are K-Ar and U-decay series systems (Batiza et al., 1988) . Additional methods include thermoluminescence (TL) and fission track dating of basalts. However, TL studies of feldspar and MORB glass have not found measurable signals (Karsten et al., 1990) , while fission track dating is severely limited by very low U-contents of MORB glasses and track fading over geologic time. Goldstein et al. (1989) have demonstrated U-Th isotopic disequilibrium for MORB glasses near the Juan de Fuca, Gorda and Endeavour Ridges implying ages between 0 and 350 ka. Ages calculated from these data (assuming constant initial 23øTh/232Th for each ridge segment) increase with distance from the axis of spreading. The consist6ncy of these ages with those predicted from spreading rates based on magnetic anomalies supports the assumption of uniform initial Copyright 1994 by the American Geophysical Union. 
4øAr-39Ar Incremental Heating Methodology
Historically the radiometric method of choice for directly determining crystallization ages of volcanic rocks is K-Ar geochronology (Dalrymple and Lanphere, 1969) . This is because K is a common (if minor) element in all volcanic rocks, analytical methods are well tested, and measurements can be made to analytical uncertainties of <1%. K-Ar dating of young MORB has been unsuccessful, however, because of 1) the low K-contents of MORB and small decay constant for 4øK (5.543x10 -•ø yr'•), and 2) the retention of mantle-derived, nonatmospheric 4øAr (sometimes called "excess" or "inherited").
The first condition means that only very small amounts of radiogenic 4øAr will be generated in periods of interest (10 4 to 106 yr); the second condition means that the initial 4øAr/36Ar isotopic composition of the sample may be greater than the atmospheric ratio (in the case of quenched, glassy MORB) and, assuming an atmospheric initial ratio as in conventional K-Ar dating, an erroneously old age is calculated.
In the 4øAr-39Ar method of K-Ar dating, geologic samples are irradiated with fast neutrons to induce the reaction 39K (n,p) 39Ar (Dalrymple et al., 1981a) (Table 1) .These, and younger samples, show typical Ar release patterns (Figure 1 ), similar to those based on incremental heating of subaerial basalts. In these cases the 800 ø to 1000øC step ages contain much of the sample 39Ar and proportions of radiogenic 4øAr (5 to 10%) are maximized.
Step ages for this middle-temperature portion of the 39Ar release spectra are concordant and dominate the weighted mean estimates of crystallization ages.
We plot measured ages against distance from the EPR spreading axis in Figure 2 
Goldstein et al. (1994) have measured 238U-23øTh and 235U-231pa
disequilibrium ages for basaltic glasses from the 9 ø 30' N segment, and found that some are younger (by up to 70 ka) than ages inferred from eruption at the spreading axis and so imply eruption "off-axis", over a -8 km wide crestal plateau. In contrast, Niu and Batiza (1993) report ridge-symmetric compositional patterns (e.g., FeO, K20, Mg-number) for the three segments, which they claim reflects eruption within a very narrow neovolcanic zone with long term (300-600 ka) changes in the balance between magma supply and crustal cooling. Some of the basalts we have analyzed (e.g., PH92-2, PH90-3 and PHl17-2, from the 11 ø 20'N segment) are relatively K-rich and Ti-rich and might, from compositional considerations, be possible off-axis eruptions from evolved (low magma supply) chambers. However, only PH90-3 produced an age younger (by 120 + 50 ka) than expected, and thus erupted Outside the axial zone onto older crust; the age of PH92-2 is poorly resolved but that of PH117-2 places it at the present position of the ridge axis at -370 ka. Clearly, the significance of "off-axis" eruptions to crustal accretion at the EPR may vary from segment to segment. give good results. Instead, atmospheric 4øAr is probably related to rock texture (crystallinity, micro-vesicles) or incipient alteration (hydration fronts). If so, separating a mineral phase such as plagioclase feldspar for dating would make sense. Unfortunately, less than 10% of the dredged basalts contain separable feldspar. So, while some of these samples might be dated using feldspar, this will not be possible for the majority of MORB. Another consideration is that plagioclase feldspar in MORB usually contains less K than the whole rock, so the optimum material for dating (if the atmospheric 4øAr problem can be overcome by crushing) is the fine-grained rock matrix.
Conclusions
Our initial results indicate that it is possible to measure crystallization ages for MORB in the age range 0.2 to 1.0 Ma with +_10% (ls) uncertainty (Table 1) . We believe that this is a significant achievement and confirms the utility of the 4øAr-39Ar incremental heating method for dating young volcanic rocks. We have not, however, attempted to date many samples less than 350 ka, where correlation with U-Th disequilibrium ages can be tested. This is certainly a high priority and will be done with the new EPR sample suite.
Successful intercalibration and concordant ages will produce confidence in both of these methods which cover different age ranges, and so are complementary. Routine, reliable absolute radiometric dating by these methods will provide time scales for Brunhes-age volcanic and tectonic processes in the neovolcanic zones of spreading ridges. Some of the obvious applications will be to quantify periodicities and rates of magma supply, fractionation, and eruption, the timing of rift propagation events, definition of the width of the accretionary zone, the temporal persistence of axial magmatic units, and the age relations of near-ridge seamounts.
